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E lectrodeposited zinc alloys find an increasing use as a viable substitute for cadmium and zinc 
coatings in protecting steel from cor- 
rosion.‘-3 An alloy containing 15 to 
25% iron has good weldability, work- 
ability, paintability,, phosphatability, 
chromatability, and excellent corrosion 
resistance. Alloys of zinc with iron are 
deposited from acid-type sulfate4” 
and chloride6 bath solutions. 
Zinc-iron alloy electrodeposits from 
alkaline baths are not well known out- 
side Japan. The alkaline zinc-iron system 
is very similar to noncyanide alkaline 
zinc systems.’ Sree and Ramacher’ re- 
ported an alkaline pyrophosphate bath 
for zinc-iron alloy deposition. The disad- 
vantage of the alkaline bath, however, is 
the loss of ammonia at high operating 
temperature, which makes it difficult to 
control and maintain. The difficulties in 
the waste treatment of alkaline cyanide 
baths is another limitation. In order to 
overcome these problems, there is a need 
to develop noncyanide and ammonia- 
free alkaline baths. Because triethanola- 
mine is a versatile substitute for ammo- 
nia, an ammonia- and cyanide-free 
alkaline sulfate bath operating at high 
pH using 100 to 120 giL of sodium 
hydroxide was developed. The results 
reported here contain the characteriza- 
tion of the alloy deposit and a study of 
the plating variables on the composition 
of the alloy and on cathode current efft- 
ciency. 
EXPERIMENTAL 
The sequence of plating operations 
is given in Table I. The bath solutions 
were prepared using commercial-grade 
chemicals dissolved in distilled water. 
The bath solution was purified as de- 
scribed elsewhere.’ The pH of the so- 
lution was raised to 14 using sodium 
hydroxide. The bath composition and 
operating conditions are indicated in 
Table II. Hull cell experiments were 
carried out in a standard 267-ml unit 
for 5 minutes at suitable cell current. 
The test results were used to optimize 
the plating parameters. Electrodeposi- 
tion was carried out from a 100-ml 
bath solution onto a 2 cm* stainless 
steel plate and 1 cm* copper plate after 
connecting a coulometer with a con- 
stant current source. For analyzing the 
alloy deposit, stainless steel cathodes 
were used. The deposits were stripped 
in 20% nitric acid and made up to 100 
ml in a standard flask. Zinc and iron in 
the stripped solution were analyzed by 
atomic absorption spectrometry. 
During plating, the deposition po- 
tentials were recorded using a digital 
multimeter. The cathodic current-po- 
tential characteristics were determined 
using a scanning potentiostat employ- 
ing a 1 cm* copper plate as cathode 
and the stainless steel plate as anode. A 
saturated calomel electrode was used 
as reference. 
The complex nature of the bath so- 
lution was examined by a UV/visible 
absorption spectrophotometer. The 
cathode current efficiencies were cal- 
culated in the conventional manner. 
The effect of various plating param- 
eters, including the total metal content, 
metal ratio in the bath, ligand concen- 
tration, current density, temperature, 
agitation of the bath solution, thick- 
ness, and the concentration of addition 
agents in the bath on the composition 
of the alloy and on cathode current 
efficiency, has been studied. 
RESULTS AND DISCUSSION 
Characteristics of Cathodic 
Polarization 
Figure 1 shows the cathode current- 
potential curves on a copper electrode 
Table I. Sequence of Plating Operations 
Performed 
1. Mechanical polishing of the substrate 
2. Degrease in trichloroethylene 
3. Pickle in 10% hydrochloride for 1 minute 
4. Water rinse 
5. Alkali dip 
6. Water rinse 
7. Acid dip 
8. Water rinse 
9. Plate 
from a bath containing zinc and iron 
and also combined solutions. 
From the polarization curve of the 
iron containing solution (curve l), the 
iron deposition occurs at about -0.7 1 
V. From curve 2, the zinc deposition is 
around -0.92 V, which is fairly less 
noble than the potential for iron depo- 
sition. From curve 3 for alloy deposi- 
tion, the potential value is between that 
of iron and zinc (-0.82 V), which is 
less negative than the potential for the 
deposition of the zinc alone from the 
same solution. Thus, the position of the 
current-potential curve of zinc-iron al- 
loy deposition is nearer to the iron 
indicating alloy deposition of the reg- 
ular type. 
Effect of Total Metal Content in 
the Bath 
As indicated in Figure 2, increase in 
the total metal content in the bath in- 
creases the zinc content in the alloy 
deposit. At 0.1 M total metal in the 
bath, smooth, uniform, and bright alloy 
deposits containing 15 to 25% iron 
were obtained. 
Effect of Metal Ion Ratio 
Figure 3 shows the variation of the 
composition of the alloy deposits with 
the composition of the metal ions in 
the bath. A bath solution with 40% zinc 
produces an alloy deposit with 31% 
zinc, indicating the more noble metal 
(iron) depositing preferentially and 
leading to the regular codeposition 
process. At higher current densities, 
the percentage of zinc in the alloy de- 
posit coincides with control line AB, 
thereby the zinc content in the alloy 
deposit is exactly equal to the zinc 
content in the bath. This clearly indi- 
cates that the alloy deposition from an 
alkaline sulfate bath follows the regu- 
lar codeposition process.* 
Effect of Triethanolamine 
Concentration 
Variation of triethanolamine (TEA) 
concentration is shown in Figure 4. An 
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Table II. Optimum Composition and Operational Conditions to Electrodeposit a Zinc-Iron 
Alloy Containing 15-25X Iron 
Component 
Total metal content 
ZnS0.7H,O 
FeSO,.GH,O 
Triethanolamine 
Ascorbic acid 
Sodium sulfate Sodium hydroxide 
PH 
Temperature 
Agitation 
Current density 
Range Studied 
0.1-0.4 M 
0.0.5-0.9 M 
0.01-0.05 M 
0006251.6 M 
0.005-0.1 M 
10-60 g/L 40-l 60 
9/L 
- 
20-6o’c 
- 
2-60 mAlcm2 
Optimum 
0.1 M 
0.09 M 
0.01 M 
0.1 M 
0.02 M 
30 g/L 
60 g/L 
>14 
WC 
Normal 
20 mA/cm2 
increase in TEA concentration in- 
creases the zinc in the alloy deposit 
attaining maxima at 0.1 M TEA. Fur- 
ther increase in TEA concentration re- 
sults in a slight decrease in zinc in the 
alloy deposit. 
Effect of Current Density 
Figure 5 shows the variation of zinc 
in the deposit with current density. An 
increase in current density increases 
zinc in the alloy deposit. With a further 
increase in current density, the zinc in 
the alloy deposit attains a steady value 
and approaches the proportion of zinc 
in the bath This may be because the 
rate at which the metal ions are depos- 
ited is limited by the rate of diffusion 
toward the cathode surface. 
Potential in volts vs SCE 
Figure 1. Cathodic polarization curves for the 
deposition of zinc-iron alloy from alkaline 
sulfate bath: all solutions contained 0.1 M 
trlethanolamine, 0.02 M ascorbic acid, 30 g/L 
sodium sulfate, and 80 g/L sodium hydroxide. 
All bath solutions were stirred. Curve 1: dep 
osition of iron alone; curve 2: deposition of 
zinc alone; curve 3: deposition of alloy. The 
bath contained the same iron and zinc con- 
centrations as those in the individual baths. 
Effect of Temperature 
Increase in the operating tempera- 
ture of the bath decreases the zinc in 
the alloy deposit, indicating that the 
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Figure 2. Effect of currant density on the com- 
positiin of the alloy deposit. Bath composi- 
tion: 0.09 M xinc, 0.01 M ferrous iron, 0.1 M 
TEA, 0.02 M ascorbic acid, 30 @_ sodium 
sulfate, 80 g/L sodium hydroxide, thickness 8 
pm, temperature 50”, pH > 14, stirred. (1) 0.1 
M; (2) 0.2 M; and (3) 0.4 M total metal content. 
Figure 3. Effect of metal ratio in the bath on 
the composition of the alloy deposit. Bath 
composition and conditions same as in Fig 
ure 2. (1) 5; (2) 10; and (3) 40 mA/cm*. 
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Figure 4. Effect of triethanolamine concen- 
tration on the composition of the alloy de- 
posit. Bath composition and conditions as 
in Figure 2 with current density of 10 mA/ 
cm’. (1) 90-10; (2) 80-20; and (3) 70-30 ratio 
of zinc to iron. 
deposition is diffusion controlled (Ta- 
ble III). The decrease in the zinc con- 
tent in the alloy deposit with increase 
in temperature might be due to an in- 
crease in the concentration of the pref- 
erentially depositing iron in the cath- 
ode diffusion layer. This also confirms 
that the alloy deposition is of the reg- 
ular type. 
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Effect of Addition Agents 
Ascorbic acid was added as a reduc- 
ing agent. Sodium sulfate was added to 
increase the conductivity of the bath. 
Sodium hydroxide was used to raise 
too- 
0 20 40 60 80 
Current density, mA/cm* 
Figure 5. Effect of current density on the 
composition of the alloy deposit. Bath com- 
position and conditions same as in Figure 2. 
(1) 25X; (2) 50°C; and (3) 75°C. 
Table III. Effect of Temperature on Composition of Alloy Deposit and Cathode Current 
Efficiency 
Temperawe 
Current 
Density 25'C 50°C 
(mA/cn?) % i’n in Alloy CCE 6) % Zn in Alloy CCE (%) 
2.5 89.52 9.76 49.30 61.30 
20 90.30 12.63 87.13 68.70 
80 90.50 16.71 87.11 74.32 
Bath composition and conditions as in Figure 4 except for temperature. 
75'C 
% Zn in Alloy CCE &) 
40.90 13.45 
79.92 18.79 
82.13 24.91 
the pH of the bath solution. Figure 6 
shows the variation of zinc in the alloy 
deposit with the concentrations of the 
addition agents. With increase in the 
sodium sulfate, ascorbic acid, and so- 
dium hydroxide, the zinc in the alloy 
deposit increases and reaches a max- 
ima. With further increases in concen- 
tration, the zinc content decreases 
slightly. 
Effect of Thickness 
The variation of the zinc content in 
the alloy deposit with increase in thick- 
ness for different metal ion ratios in the 
bath has been studied. With increase in 
thickness, the zinc content in the alloy 
deposit increases slightly and remains 
almost constant in all the three cases, 
with further increase in thickness. 
Cathodic Current Efficiency 
Figure 7 shows the variation of cath- 
ode current efficiency (CCE) with cur- 
rent density. An increase in current 
401 
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Figure 6. Effect of ad&bon agents in the 
bath on the composition of the alloy deposit. 
Bath composition and conditions same as 
indicated in Flgura 4. 
density increases CCE and reaches a 
maxima and remains constant. With 
further increases in current density 
(>30 A/ft2), the CCE falls rapidly. 
This may be attributed to hydrogen 
evolution. 
Increase in operating temperature of 
the bath increases CCE (Table III); 
however, CCE was maximum (74%) at 
20 A/ft2 and 75°C. Agitation of the 
bath solution, addition of sodium sul- 
fate, ascorbic acid, and sodium hy- 
droxide also increases CCE. 
CONCLUSION 
Zinc-iron alloy deposits containing 
15 to 25% iron electrodeposited from 
an alkaline sulfate bath containing tri- 
ethanolamine were smooth, uniform, 
and bright. The cathode potentials for 
alloy deposition are intermediate be- 
tween those of iron and zinc single 
solutions. The alloy electrodeposition 
is a regular type codeposition. The zinc 
Current density,mA/cm’ 
Figure 7. Effect of current density on ca- 
thodic current efftciicy. Bath composition 
and conditions same as indicated in Figure 
2. (1) 0.4 M; (2) 0.2 M; and (3) 0.1 Y total 
metal. 
content in the alloy deposit was less 
than that of the zinc content in the 
bath. Increase in the temperature of the 
bath decreases the zinc content in the 
alloy deposit. The CCE increases with 
increase in current density up to 86%. 
The zinc content in the alloy deposit 
does not significantly change with 
thickness. The optimum bath composi- 
tion and operating conditions to obtain 
smooth, uniform, and bright, zinc iron 
alloys containing 15 to 25% iron are 
given in Table II. 
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